Enhanced contractile responsiveness to the calcium channel agonist Bay K 8644 has been documented in large conduit arteries and small muscular arteries from hypertensive rats. The present study examined the effects of Bay K 8644 on the intracellular calcium concentration ([Ca 2+ ]i) in microvessels from stroke-prone spontaneously hypertensive rats and normotensive Wistar-Kyoto rats. Using microspectrofluorometry of fura-2, [Ca 2+ ], was measured in smooth muscle cells localized on arteriolar fragments (15-35 /tm external diameter) isolated after collagenase digestion of the pancreas. Resting [Ca J+ ], in hypertensive arterioles (94±6 nM, n=29) did not differ from that in normotensive vessels (81 ±4 nM, n=40). KCI (50 mM), applied alone and in the presence of Bay K 8644 (30 nM), stimulated increases in [Ca 2+ ], that were reversed in calcium-free solution and with nifedipine (10 /iM), consistent with activation of potential-operated calcium channels. Potassium-induced calcium transients were consistently potentiated by Bay K 8644. The change in [Ca 2+ ], evoked by KCI alone or in combination with Bay K 8644 did not differ between arterioles from hypertensive and normotensive rats. In 24% of the vessels from hypertensive rats and in 29% of those from normotensive rats, Bay K 8644 evoked an increase in [Ca 2+ ], that did not differ significantly between the two strains. The findings indicate that, in contrast to observations made in larger arteries, there is no evidence of a functional abnormality in potentialoperated calcium channels in very small arterioles from genetically hypertensive rats. (Hypertension 1992^0-380-388) 
M
any studies have implicated altered cellular handling of calcium in the structural and functional vascular abnormalities that are thought to maintain elevated peripheral vascular resistance in hypertension. 1 - 2 Enhanced contractile responsiveness to depolarizing interventions has been observed in both genetic and experimental models of the disorder, suggesting that the permeability of potentialoperated calcium channels is increased in hypertension. 34 In mesenteric resistance vessels from spontaneously hypertensive rats (SHR), increased influx of radiolabeled calcium at rest or during stimulation with elevated potassium or norepinephrine levels provides a direct indication of enhanced membrane permeability to calcium. 5 1,4-Dihydropyridines with agonist properties, such as Bay K 8644 [methyl-l,4-dihydro-2,6-dimethyl-3-nitro(2-trifluoromethylphenyl)pyridine-5 -carboxylate], have been found to be useful probes of potential-operated calcium channel function. Initial studies by Aoki and Asano 6 and Asano et al 7 demonstrated that Bay K 8644 produced a concentration-dependent contraction in femoral arteries from SHR. In previous work, we made similar observations regarding contractile responsiveness to Bay K 8644 in carotid arteries from stroke-prone spontaneously hypertensive rats (SHRSP) 8 and in thoracic aortas from rats with coarctation-induced hypertension. 9 At a physiological potassium concentration, the agonist did not evoke contraction in arteries from normotensive rats. However, in the presence of an elevated potassium level, which presumably acts to partially depolarize the plasma membrane, neither sensitivity nor maximal responses to Bay K 8644 were found to differ between arteries from hypertensive animals and those from normotensive control rats. 6 - 9 Based on these findings, it has been suggested that augmented responsiveness to calcium channel agonists in hypertension is related to a change in the conformational state of potential-operated calcium channels rather than to an intrinsic change in the channel protein or to an increase in the number of calcium channels. 6 -9 This interpretation is supported by radiolabel-binding studies of the dihydropyridine calcium channel antagonist [ 3 H](+)-PN 200-110 in intact aortas from SHR and WistarKyoto (WKY) rats over a range of KCI concentrations; a greater affinity for the antagonist is evident in aortas from SHR at a physiological potassium concentration (6 mM KCI) but is not observed under depolarized conditions (100 mM KCI).
reported in large conduit arteries 6 -911 and in small muscular arteries. 12 
Isolation of Arteriolar Fragments and Dye Loading
Arteriolar fragments were obtained after collagenase digestion of the pancreas as described by Stuenkel. 15 Briefly, the animals were anesthetized with 50 mg/kg i.p. sodium pentobarbital and exsanguinated. The pancreas was removed immediately and placed in a KrebsHenseleit buffer (KHB). Pancreatic tissue was then injected with a collagenase-containing solution (0.5 mg collagenase/10 ml KHB), incubated in a vigorously shaking water bath at 37°C for 50 minutes, and dispersed by passage through pipettes of decreasing tip size in the presence of 0.5 mg/ml soybean trypsin inhibitor. This procedure is typically used in the preparation of pancreatic acini. 16 Filtration of dispersed tissue through nylon mesh (200 fisa pore size) separated vascular fragments, exocrine ductal tubules, and incompletely dispersed tissue from dissociated acini. After back-rinsing the filter, arteriolar fragments were isolated using microscopic visualization. Arterioles were selected based on both size and morphological characteristics. At diameters of less than 50 fim, the venular wall contains pericytes with few, if any, smooth muscle cells. 17 In contrast, small arterioles possess a continuous smooth muscle cell layer. The external diameter of the arterioles selected for study ranged from 15 to 35 urn. Little connective tissue was present, and a palisading layer of individual smooth muscle cells was clearly defined. It has been shown previously by electron microscopy that these vessels consist of a single layer of smooth muscle cells surrounding a single layer of endothelial cells, 13 in accord with their designation as arterioles.
Isolated arteriolar fragments were placed in a Petri dish containing KHB and a HEPES Ringer buffer (characterized below) (1:3) and were then incubated with 1 fiM fura 2-AM at 37°C for 20 minutes. Because arterioles settled to the bottom of the dish, a pipette was used to rinse the arterioles by replacing the fura-2-containing solution with fresh physiological salt solution after the incubation period. The arterioles were kept at room temperature before use. The millimolar compositions of the physiological salt solutions used during the isolation and dye loading of arteriolar fragments are as follows: KHB contained NaCl 118, KC14.8, Na 2 HPO 4 1, NaHCO 3 
Measurement of [Ca

2+
] t [Ca 2+ ]j was measured in smooth muscle cells localized on isolated arteriolar fragments. Details of the system used have been described previously.
1819 Arterioles were placed in a 100-^.1 chamber with a glass coverslip on the chamber bottom. Cell Tak (Collaborative Research, Bedford, Mass.), a natural adhesive, was used to enhance spontaneous adherence to the coverslip. A superfusion system exchanged the chamber volume 10 times per minute, allowing solutions to be changed rapidly. During experimentation, arterioles were maintained at 37°C and were superfused with a physiological salt solution (PSS) containing (mM) NaCl 135, KC1 5, MgCl 2 1, CaCl 2 1, HEPES 5, and glucose 5, with the pH adjusted to 7.4 using NaOH. Equimolar substitution of NaCl with KC1 was used to prepare 50-mM KC1 solutions. A reduced-Nad solution was prepared by equimolar substitution of NaCl with Af-methylglucamine-Cl (NMG-C1). In the calcium-free PSS, CaCl 2 was replaced with 1 mM ethylene glycol-bisO-aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA).
The fluorescence signal from arterioles loaded with fura-2 was measured using a Nikon Diaphot inverted microscope (Melville, N.Y.) connected to a SPEX Fluorolog fluorometer (Edison, N.J.). The microscope was equipped with an oil-immersion epifluorescence lens (numerical aperture, 1.3). The chamber was placed on the microscope stage, and a pinhole diaphragm was used to define a field of study 10 fim in diameter. This field usually encompassed approximately 50% of the area of two adjacent cells localized on a single arteriole. Selected cells were alternately exposed to excitation wavelengths of 340 and 380 nm. Emitted light was transmitted to a photomultiplier tube after passage through a 510-nm barrier filter, and photon counts at each wavelength were averaged over 0.5-second intervals.
Using the ratio of fluorescence intensities obtained at 340 and 380 nm, [Ca 2+ ]i was calculated according to the equation derived by Grynkiewicz et al 20 as /Cj x (R-,, where K^ is the calcium dissociation constant for fura-2, R is the fluorescence ratio (340/380) obtained from selected cells, R^ is the fluorescence ratio of fura-2 free acid in the absence of calcium, R^ is the fluorescence ratio of fura-2 free acid in a saturating concentration of calcium, and fo and f, are the fluorescence of fura-2 free acid at 380 nm in limiting and saturating concentrations of calcium, respectively. Autofluorescence did not exceed 10% of the total fluorescent signal in fura-2-loaded arterioles from either SHRSP or WKY rats and was not subtracted before calculation of [Ca 2+ ],. Stability of baseline [Ca 2+ ]j and reproducibility of stimulated changes in [Ca 2+ ]| over the course of an experiment indicated that dye leakage and cell damage from photobleaching were not significant problems. Values for R^, Rm,, and fo/f, were determined by a standard in vitro calibration procedure as 058, 6.62, and 4.26, respectively. The Ki for fura-2 (224 nM) was taken from the literature. 20 During calibration, 5 /xm fura-2 pentapotassium salt was added to a cytosol-like medium of the following composition (raM): K d 120, NaCl 10, MgQ 2 1, EGTA 5, and HEPES 10, with the pH adjusted to 7.1 by KOH. Viscosity of the medium was increased by the addition of 1 mM sucrose to more closely approximate intracellular conditions. 21 It is important to note, however, that external calibration methods using an assumed K^ for fura-2 provide only a reasonable estimate of actual [Ca'*],. Calcium concentrations of the calibration medium were adjusted over the range of 40 pM to 1 mM by varying the Ca 2+ / EGTA ratio with consideration of the binding of Ca 2+ and Mg 2+ to EGTA. Absolute stability constants, corrected for H + activity and temperature, were determined for an ionic strength of 0.1 M. 22 
Materials
Chromatographicalry p U r e collagenase (Grade CLSPA; 1,161 units/mg) was purchased from Worthington Biochemical Corp., Freehold, NJ. Fura 2-AM and fura-2 pentapotassium salt were obtained from Molecular Probes, Inc., Eugene, Ore. Fura-2 was dissolved in dimethyl sulfoxide to yield a 1 mM stock solution. Bay K 8644, a gift of Bayer, Wuppertal, FRG, was prepared as a 1 mM stock solution in 95% ethanol. Nifedipine (Sigma Chemical Co., St. Louis, Mo.) was dissolved in dimethyl sulfoxide to give a 10 mM stock solution. Norepinephrine bitartrate (Levophed Bitartrate, Sterling Drug, Inc., New York) and phentolamine mesyiate (Regitine, Ben Venue Labs, Bedford, Ohio) were obtained from the University of Michigan Hospitals Pharmacy, Ann Arbor, Mich. All other chemicals were acquired from Sigma.
Statistical Analysis
Differences between SHRSP and WKY rats were analyzed by Student's t test. Paired t tests were used to evaluate the effects of interventions, such as NMG-C1 and Bay K 8644, within arterioles from each rat strain. The x 2 analysis was used to compare the proportion of arterioles responding to Bay K 8644 between the two strains. The n values in the text and figures represent the number of arterioles sampled from a total number of rats {n arterioles, n rats) unless otherwise specified; was the criterion for statistical significance.
A. The effects of phentolamine on characteristic responses to 5 uM norepinephrine and 50 mM KCl in isolated WKY arterioles are shown in Figure 2 . Repeated applications of norepinephrine stimulated abrupt increases in [Ca 2 *], to a peak value of 214±27 nM (n=6,3) followed by rapid return to resting levels when the stimulus was removed. Although it blocked (100%) the increase in [Ca 2+ ]| evoked by norepinephrine, phentolamine did not inhibit potassium-induced calcium transients. Indeed, the peak [Ca 2+ ], produced by 50 mM KCl in the presence of phentolamine (235 ±70 nM; n=6,3) was not significantly less than that observed in the absence of the antagonist (187±60 nM), indicating that the increase in [Ca ]i produced by KCl is not due to norepinephrine released from depolarized nerve terminals. 24 The increase in [Ca 2+ ]i stimulated by elevated potassium levels was dependent on extracellular calcium in arterioles from both SHRSP and WKY rats, as shown in Figure 3 . In the presence of extracellular calcium (1.0 mM), the rise in [Ca 2+ ]i produced by sustained application of 50 mM KCl reached a plateau after an initial decline from peak values ( Figure 3A) 2+ ]j evoked by Bay K 8644 and KCI during exposure to calcium-free PSS was 122±9% in SHRSP arterioles (n = 2,2) and 116±15% in WKY arterioles (n=2,2). As shown in Figure 4 , the dihydropyridine receptor antagonist nifedipine (10 fiM) also inhibited potassium-stimulated increases in [Ca 2+ ]j. The inhibitory effect of nifedipine during sustained stimulation with 50 mM KCI was 100% in arterioles from SHRSP (n=2,2) and 104±5% in those from WKY («=5,5). In addition, nifedipine inhib- ited the increase in [Ca 2+ ]j produced by elevated potassium levels in combination with Bay K 8644 in both strains (SHRSP, 107±4%, n=2,2; WKY, 90±4%, n=5,4). Together, these findings suggest that the increase in [Ca 2+ ]i evoked by 50 mM KQ, either alone or in the presence of Bay K 8644, results from the influx of extracellular calcium through nifedipine-sensitive calcium channels. Figure 5 illustrates the protocol used to evaluate responsiveness to Bay K 8644 in isolated arterioles. The protocol was designed to determine whether the vessels studied 1) had functional potential-operated calcium channels based on responses to KCI, 2) responded to Bay K 8644 with an increase in [Ca 2+ ] i( and 3) exhibited a potentiated response to KCI in the presence of Bay K 8644. This approach was taken to demonstrate that any lack of responsiveness to Bay K 8644 was not due to the absence of functional potential-operated calcium channels. In these experiments, two sequential 30-second applications of 50 mM KQ were used to obtain repro- 50 for KCl in these vessels. 25 Typically, only two pulses were needed to demonstrate a reproducible change in [Ca 2+ ]i, but in a few vessels three or four pulses were required before consistent, sequential responses were obtained. After obtaining the control response, arterioles were exposed to 30 nM Bay K 8644 for 3 minutes, after which the response to 50 mM KCl was again obtained in the presence of Bay K 8644. In some experiments, a final response to an elevated potassium concentration was then obtained. Mean control responses to an elevated potassium level were compared with the change in [Ca 2+ ]i stimulated by 50 mM KCl in the presence of Bay K 8644. Arterioles that did not respond to Bay K 8644 alone with an increase in [Ca 2+ ]j are referred to as nonresponding arterioles ( Figure 5A ). The term responding arterioles refers to those vessels in which Bay K 8644 alone did stimulate an increase in [Ca 2+ ]i ( Figure 5B ).
Applications of 50 mM KCl produced an approximately twofold increase in [Ca 2+ ]j in arterioles from SHRSP and WKY rats. Potassium-induced calcium transients were consistently potentiated in the presence of Bay K 8644. In responding arterioles, this response to an elevated potassium concentration was superimposed on the initial increase in [Ca 2+ ]j evoked by Bay K 8644 and was often less than or equal to the control KCl response ( Figure 5B) . However, the total increase in [Ca 2+ ]j stimulated by Bay K 8644 and 50 mM KCl was significantly greater than that produced by 50 mM KCl alone in arterioles from both SHRSP and WKY rats ( Figure 6 ). Furthermore, the magnitude of the change in [Ca 2+ ]j stimulated by either KCl alone or KCl in the presence of Bay K 8644 did not differ between arterioles from SHRSP compared with those from WKY rats ( Figure 6 ).
As shown in Figure 7A , the proportion of arterioles that responded to Bay K 8644 with an increase in [Ca 2+ ]j did not differ between arterioles from SHRSP (24%) ]i stimulated by Bay K 8644 was not significantly different between the two strains ( Figure 7B) . Thus, the hypothesis that arterioles from SHRSP would exhibit augmented responsiveness to Bay K 8644 was rejected.
Discussion Isolated blood vessels from hypertensive animals often develop spontaneous tone that is eliminated by calcium channel antagonists or removal of calcium from the medium. 26 - 28 From these findings, it has been inferred that the calcium permeability of the plasma membrane is increased in hypertension and that potential-operated calcium channels are involved in altered membrane permeability. It has been postulated that enhanced membrane permeability to calcium would result in an increase in [Ca 2+ ]j. With the development of fluorescent calcium probes it has become possible to measure [Ca 2+ ]j in intact cells and tissue. Using microspectrofluorometry of fura-2, this study demonstrates that resting [Ca 2+ ]i is not significantly different in cells localized on small arteriolar fragments from SHRSP compared with those from WKY rats. In addition, the results indicate that responsiveness to the calcium channel agonist Bay K 8644 is not altered in arterioles from SHRSP. These observations are not consistent with hypothesized increases in both resting [Ca 2+ ], and responsiveness to Bay K 8644 in hypertensive arterioles, although it is possible that increased calcium efflux could obscure enhanced membrane permeability to calcium. However, our findings provide no evidence to support the existence of alterations in potential-operated calcium channel function at the level of very small arterioles.
Findings of previous studies 29 - 35 that have used fluorescent dyes to measure [Ca 2+ ]i in vascular smooth muscle from hypertensive animals are summarized in Tables 1 and 2 . A number of investigators have found that resting [Ca 2+ ], is increased in hypertension, but this result has not been obtained consistently. The effects of cell dissociation procedures, phenotypic modulation in cell culture systems, and trypsinization may contribute to the observed variability. However, it is interesting to note that in comparisons of SHR and WKY rats (Table  1) , most studies reporting no significant difference in resting [Ca 2+ ]| used cells obtained from young rats before significant blood pressure differences between the strains were present. Sugiyama ]i induced by 50 mM KC1 were reversed by removal of calcium from the medium and by exposure to nifedipine, as were changes in [Ca 2+ ]i evoked by 50 mM KC1 applied simultaneously with Bay K 8644. Since nifedipine has been shown to be a specific antagonist of L-type calcium channels, these findings indicate that potassium and Bay K 8644-stimulated changes in [Ca 2+ ]i were due to influx of extracellular calcium through potential-operated calcium channels of the L subtype.
In the majority of vessels examined, Bay K 8644 did not elicit an increase in [Ca 2+ ]i without concurrent exposure to an elevated potassium concentration, and arterioles from SHRSP did not exhibit altered responsiveness to stimulation with this calcium channel agonist. Approximately 30% of arterioles from both SHRSP and WKY rats responded to Bay K 8644. Importantly, responsiveness to Bay K 8644 was not a characteristic of the animal from which the vessel was obtained, i.e., the agonist did not elicit an increase in [Ca 2+ ]i in ah" arterioles sampled from a single rat. Partial depolarization may have facilitated the action of Bay K 8644 in responding arterioles. However, resting [Ca 2+ ], and the increase in [Ca 2+ ]i produced by an elevated potassium concentration or by an elevated potassium concentration in the presence of Bay K 8644 did not differ significantly between responding and nonresponding vessels (data not shown), suggesting that responding arterioles were not damaged during isolation.
There is a varying degTee of support in the literature for the hypothesis that enhanced membrane permeability to calcium in hypertension is coupled to greater stimulated changes in [Ca 2+ ], as measured by fluorescence microscopy (Tables 1 and 2 ). In intact mesenteric arterioles, the threshold for norepinephrine-induced calcium mobilization has been found to be decreased in vessels from SHR, although the response to a maximal concentration of norepinephrine was not altered. 30 As shown in Tables 1 and 2 , no consistent pattern is evident with respect to stimulation by other receptor-mediated agonists, such as angiotensin. This may be related to the heterogeneity in responsiveness exhibited by different preparations of vascular smooth muscle. Previous studies examining changes in [Ca 2+ ]i evoked by depolarizing concentrations of potassium in vessels from hypertensive animals compared with those from normotensive control animals have given conflicting results although, as in the present study, the effects of threshold concentrations of potassium were not evaluated. and demonstrated responsiveness to both depolarizing and receptor-mediated stimuli argue against the occurrence of significant damage to arterioles during isolation. Differences in responsiveness to Bay K 8644 may be related to regional variations within the vasculature. It has been shown that in the absence of partial depolarization with potassium, the magnitude of contractile responses to Bay K 8644 varies among blood vessels from SHR. 7 The concentration of Bay K 8644 used in this study represents the EQo-EQoo in arteries from hypertensive animals at a physiological potassium concentration.
6 -9 -12 - 13 However, since responses to calcium channel agonists have not been evaluated previously in the arteriolar circulation, the present study does not exclude the possibility that enhanced responsiveness to Bay K 8644 in hypertension is characteristic only of larger arteries or may vary within the arteriolar circulation. Alternatively, fura-2 may not measure the intracellular calcium that is important for contraction. This explanation seems unlikely since simultaneous measurements of stimulated changes in [Ca 2+ ],, measured by fura-2 and other calcium probes, have documented relations between [Ca 2+ ]i and contraction (see References 38 and 39 for review). Evidence suggests that increases in [Ca 2+ ]i produced by elevated potassium levels generally parallel increases in force. 40 Similar relations have been observed when responses to calcium channel agonists, including Bay K 8644, were examined. 14 - 41 Although contraction was not measured in the present study, visual inspection of arterioles when [Ca 2+ ]| was increased revealed a distinct reduction in arteriolar diameter.
Finally, a more speculative explanation involves the relation between responsiveness to Bay K 8644 and elevated blood pressure. In previous work from this laboratory, we have shown that the contractile response to Bay K 8644 in aortic segments exhibits a pressure dependency in rats with hypertension induced by aortic coarctation. 9 Bay K 8644 stimulated contraction in the thoracic aorta but not in the abdominal aorta, which lies below the coarctation and is not exposed to increased arterial pressure. As noted earlier, the arterioles used in the present study are largely protected from elevated blood pressure. If enhanced responsiveness to potential-operated calcium channel agonists represents a pressure-sensitive defect, it may not be evident in the distal microcirculation. Indeed, there is evidence to suggest that hypertensive changes present in conduit arteries and larger arterioles may not be seen in very small arterioles. In conclusion, the present study showed that resting [Ca 2+ ]i is not increased in arterioles from SHRSP. Based on responsiveness to Bay K 8644, we found no evidence to suggest that the function of potentialoperated calcium channels is altered in these vessels. This outcome may be related to regional variations in responsiveness to Bay K 8644 within the vasculature. 7 Alternatively, enhanced calcium efflux may mask increased membrane permeability to calcium in arterioles from SHRSP. However, the findings are also consistent with the possibility that alterations in the regulation of [Ca 2+ ]j in hypertension may parallel vascular changes, often associated with elevated blood pressure, that are not present in very small arterioles.
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